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SYSTl!W FCiRA LIQUID-COCXLEDENG~

By Eugene J. Mmganlello, Bruce T. LuuUn
and John H. povo~

Tests have been conduoted to determlme the performance of two
pressurized shunt-type coolq systems for liquld-cooled alroraft
engines using a mixture of 30 percent AN-E-2 ethylene glyool and
70 percent water as the coolant. @ne of the systams (system A)
employed an expansion tank typloal of those in current use on unpreEl-
surlzed AN-E-2 ethylene @ycol systems; the other system (system B)
used an expansion tank designed by the Linde Air Produots Company and
modifled for productIon by the Bell Aircraft Corporation, Neither
systam incorporated a venturi nor other pressure-boost arrangement at
the pmp inlet. Coolant-flow rates were detemlned for both systems
over (a) a range of engine speeds at constant pump-inlet pressure
and (b) a range of expanslm.-tank pressures at constant engine speed.

The results of tests of the twn coollng systems show that with
the expansion tank of ~ystm B higher pq-~et pressures (apprml-
mately 6 lb/sq in.) and attendant better pump petiormanoe may be
obtedned than tith the e~msion tank used h system A for any ftxed
expansion-tank pressure. For an expansion-tank pressure equal to
the vapor prSSSUIW of the ooo~t at a block.outlet temperature of
2500 F, a coolant-flow rate of 255 @lOD.S per minute Is obtained
with system B as cwnpared wl.tha flow rate of 200 galdmns per mlxmte
obtahed with SyEtWl A. Both of these flow rates are adequate to
ooo1 M-oylmr Mquld.coded enghes at present power ratings.
The higher pmp-tiet pressures of system B, however, resulted In a
more stable and safer operatkm of the coolant pmp than oould be
obtdned with systm A.

\ mmocmm

Reoent inoreases h the power output of liquld-cooled atioraf%
engbes have Indloated the necemity for hprovemsrrt In the cooltog
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Ofthlstypeo fenglne. Although satiafaotw ooollng of Jhnerioan-
built engines has been obtainea with an unpressurized shunt-type
ooollng system using AN-E-2 ethylene glycol as the coolant, the
results of unpublished tests conduoted at the NACA Cleveland labo-
ratory on an Allison V-171O engine indioate that the @lnder-head
temperatures In this engine approaoh lhlting values for safe
operation at present power ratings and exoeea them at pro~ected
-r power mtingso The results of these teats also indloate that
appreolable reductions In cyllnder-head temperatures nay be obtained
by the use of a mlrture of 30 percent ethylene glycol and 70 peroent
water as the coolant.

The relatively low boillng point of the 30-70 glycol-water
ndxture neoemltates the use of a pressurized cooling system if
coolant temperatures (250° F and higher) ompatible with reasonable
radiator size are to be used. Pmssurizea systems of the series
type have been utilized for acme time h British Rolls Royce englns
InstaUat Ions and more recently In the Amerioan-built Packrd ver-
sions of the Rolls Royoe en@ne. Pressurized systems of the shunt
type theoretically possess Inherent advantages over pressurized
systems of the series type; the prlnoipal advantages of the shunt-
type systam are higher pump-inlet pressures and oonccmltant sgerlor

Pm pefio~ce for a given =paneim-tank Presswe. NO erperl-
mental data are available, however, on their -performance.

As part of a researoh program being conduoted by the HACA on
the coollng of liquid-cooled eng~s, the performance of pressurized
shunt-type coollng systems has been Investigated by means of engine
tests using a mlrhre of 30 percent AN-E-2 ethylene glycol and
70 peroent water as the coolant. Two different shunt-type systame
tire tested: system A mea an expansion tank typioal of those k
current use on unpressurizedAN-E-2 ethylene glyool systems; systam B
used an axpanelon tank designed by the Llnde Alr Prducts Company
and modified for production by the Bell Aircraft Corpomtion. The
tests described hereti vere conduoted at Cleveland during June and
July MM and ooneieted of a determination of molant-flow mtes over
(a) a range of engine speeds at constant pump-inlet pressure and
(b) a range of expansion-tank pressures at oonetant engine speed.

THEoRYaF coaLmGsYsTl!M3

Muoh of the theory on coollng systems discussed herein has been
presented in references 1 and 2. The satIsfactory operation of a
coollng systcaufor a llquld.0001ed alroraft engine dopende upon
the ability of the system to keep the flow rate as high as required
to maintain the engine tmpemtures within safe limlts. lk order to
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cltain adequate coolant-flow rates and stable pump operation it Is
neceamxry that the pressure at the pump inlet be higher than the
vapor preasur”e.of the coolant by an amount sufficient to prevent “
excessive.pumpmavitation.. !lhe.tendencyof a pump-to cavitate is “-...
usually considered as u function of the ‘~preseiireproximity’t-atthe
PUMP i~et; the &esswe pr=?fity 1S defined as the Ufference
between the absolute s~tlc pressure of the liquld and the vapor
preqdure.of the liquid at the same point. TMS parameter mqrbe
used to correlate the effect of liquid ccmposithn and temperature
on the cavitat~on oharaoteristics of-a pump.

Beoauee $he deorease of flow rate oauaed by pump oavltation is
rlueto the formation of vapor within the pump, the presence of
entrained air or vapcr.in the oodant will have the same effect on
the puqp performance as too low an Inlet pressure. It is therefore
essential that satlafactcry air-vapor separators be incorporated in
the CODIIW system.

In an aircraft-e.n@ne cooling system the ~in coolant flow Is
frcm tiiep’mp to the e~lne, through the engine to a iqadiator,and
thro’@ tha radiator back to the pump. An expansion tank 1s located
dt the Cngine outlet. Two different circtits, the series circuit
and the shunt circuit, are in current use. These ciroults differ
mainly in the manner In whlcn the expanelm tank is connected Into
the system. A schmatic diagram of a Qerles ci:-cuitis shown In fig-
ure l(a). In this clrcult the expaneicn “-nk is located in the main
cocl.antline between,the enghle and the wadlator. The shunt circuit
is schmaticaily shmrn jn fiUWO l(b). The flow In this clrcult
dif~~rs fnm ihah ~i’ the ser;es circuit in that cn’y a small portion
of the fl.~wf~’cmthe engln-, zbo.it1 or 2 pe.-cent,HOOEJto the
f3xpanelontank. This flow thrwgh tpe expansion tank does not ~c
thrw@ the radiat.r but returns d~.recelyto the pmnp Inlet.

In any cGoling”systsm, the pressure in the expansion tank deter-
mlnea the ~bsolube pressure level of the entire system. In a pres-
surized systa the expaqslon-tank pressure Is maintained higher than
the atmospheric presmam by means of a pressure cap fitted to the
tank. This pressure cap usually lncorporatea a pressure-relief valve
to relieve excessive pressures and a vacuum or !’anlffle”valve to
protect the system against excessively low pressures. Because It Is
difficult to keep these valves and other piping connections from
leaking sli@tly and because varlationc In flight condltione and
engine power cause the coolant temperature to ohange, the Mghest
pressure that can be reliably malnta?.nedin the expansion tank la
the vapbr pressure of the .cool.ant.at the block-outlet temperature.

. . .
. .
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The vapor pressure of the coolant at the pump inlet is lower
than the vapor pressure in the expansion tank owing to the temper-
ature drop across the radiator. This temperature drop is not ve~
large (about 10o F); hence the dec~eme In ooolant vapor pressure
between the expansion tank and the pump im.letis small. This small
_ in GOOU vapor pressure therefore llmlts the pressure
proximity at the pump Inlet to a relatively small amount. The abm-
lute pressure at the p- inlet IS equal to the expansion-tank pres-
sure plus the differential-elevationhead minus any pressure losses
In the Shunt line. It is therefore dmlrable to have as low a llne
pressure drop as possible between the expansion tank and the pump
lmlet. In this respect, the shunt system is better than the series
system because the Ufferonco in pressure between the expansion tank
and the pup Inlet is not decreased by a pressure drop through the
radiator mxi the mati coolant piping. It Is Important, however,
that the tank be so deeigned that the pressure loss In the shunt
llnc does not become exoessive.

The pump-inlet pressure may be increased by the use of special
~ements, such as applylng heat to the expanaim tank or by a
venturi boost at the pump Inlet, In which the shunt line from the
expansion tank is connected to the threat of a venturi and the
static pressure at the pmp Inlet is thereby Increased by the
amount of pressure recovery of the venturi. It should be noted,
however, that the most desirable pressure proximity at t.% pump
Inlet Is that value Just sufficient to give satisfactory flow con-
dltlons. A system with an unnecessary-y M@ pressure level is
undesirable because of the difficulty of maintaining tight en@ne-
Jacket seals andplplng connections.

As the engine power is varied, the taperature rise of the
coolant through the engine, and hence the pressure proximity at
the pmnp Inlet, till vary for constant engine speed. If tho pwnp
Is operat~ under cavitating conditions but still In a relatively
stable region, the variation In the pressure proxlmlty will result
in a change of flow rate with a change in power; that is, an ti-
crease In power will raise the flow rate and a decrease of power
till lower the flw rate.

APPARATUS

Enghe Installation

The tests were conducted with an AUlson V-171O-81 multicyl-
5nder engine mounted on a dynsmmeter stand equipped with a
2000-horsepower eddy-current dynamometer. 011, refrlgorated ah,
and atmospheric exhaust were supplied to the engine at speoified
conditions by auxillm~ equipment.

——=-l—l- 11—-—,-— ■ l lmm~-m —mml .
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.Coollng syEltem13 .
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system Uslng unpressurized-typee-Ion tank. -
system A, a oonventionQ. shunt type, used en expansion

cooling
tsnk of the

Q’pe In &’rent -9 on ti-&?l~&. A&E+ et@ene gl.yoelsys-
tems. Air-vapor separators were addsd to *he W’S* ~ two ver- .
slons nf their installation were l%sted: (a) when Installed in
the main coolant lines at the block out~ts and (b) when Installed
In the shunt Mnss at the blook outlets. Figure 2 Is a sohematlc
diagram of the system showing the eJr-vapor separators.Instslled
In the main c~ol~t I.InSStogether fith a o~s~e~I~ &awlng of
the expansion tank. The version ef the systpm with the air-vapm
separators installed in the shunt Mnes at the block outlets la
shown schematIcally in figure 3. A oross-sectIonal view of tha
“expansion tank, which was mtilflgd for tests of this version of
the system by the installation of a horlzontal baffle inside the”
tank, is also shown In figure 3.

Tho syatom -was constructed to slmulatm &he fltialktion in a
typjcal pursuit-type military alrplr~ with reg& to length,.size,
and resistance of piping. The coolant flow divides at the pump
outlet, f ollaws p~allel paths through each ungins block and cooler,
and returm to a Y connection at the pump inlet. The shunt circuit
of the system c~lsts of sep~ate shunt lines at each block outlet,
wh~ch Join and enter the exp~.sion t~k, arida return line from the
botta of the expansion tank to the pump Inlat.

The shunt lines frcm the block outlets, whicklwere fitted with
l/O-ir,choriflces to restrict the flow, were ~nined together and
cmnoctgd to the oxp~slon tank as shown in figures 2 and 3. The
linas woro mounted in a horizontal p- In ordor to decrease the
posslbil~ty of air traps. The co?mnonline frcunthe block shunt
lines WP.Sextetied halfway down into the tank and discharged tan- “

---- gent1ally nlong the Inner wall. The vent lines from the vapor sep-
erators were connected to each sido of the expansion tank. The
return line from the bottom of the expansion tank was oonneoted to
the pump-inlet cover as shown In figures 2 and 3.

The expansion tank was mounted between the cylinder blooks and
was fitted with an altitude-compensatedpressure-relief valve set to
rollove at 35 pounds per square Inch absolute. The horizontal baf-
fle, whioh was fitted to the tank for the tests of the semnd ver-
sion of the system, was installed In an attempt to @rwe vapor and
air separation from the liquid In the tank by shielding the Inlet of

.. the pump return line from the direct dlecherge of the vent lines.
The main-line air-vapor separator shown In figure 4(a) Is of the ten- “
trifugel type and has a ratio of Inlet area to throut area of 3:10
The shunt-line air-vapor separator shown in figure 4(b) was made by

..- .-.
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flattening a bend in the tubln#to provide a rdluotdon of srea at
the throat and add- a vent line to the inside radius of the bend.
The Allison shrouded-impeller omlant pump fitted with the Y inlet
oover vas used. The pump speed is 1.234 times the engine speed.
The ooolant temperature was ootirolled by means of a water-cooled
heat exchanger and nn air-oporated bypass valve Installed in the
water line. The normal pressuro drop across the system from the
PW outlet to the pump Inlet was about 34 pounds per square Inch
nt a flow rate of 250 gallons per minute.

The ooolan’t-flow rate was determined by two slmilm venturi
tubes installed In the main ooolant lines of each block. System
pressures were measured at the locations ~ndlcated In figures 2 and
3 by calibrated Bourdon-tube gages. Iron-constantrm thermocouples
connected to a self-balanc~ng potentiometer were used to measure

- the coolant temperature at the cylinder-blook outlets, at the expan-
sion tank, and at the pump Inlet from the right b,ank. Sight glasses
installed in the main coolant lines, In the vent lines, and In the
expansion tank ruturn line, at the looatlons shown in figures 2 and
3, permitted Obsm’vutlon of the coolant. A sight glass and an elec-
tric light were also Installed +n the baffled expansion tank to per-
mit obsematlon of the lntGrnal.-flow conditions. Compressed-air
lines were connected to the main ooolant llrws at the locations indl-
cated for aerating the coolant in order to test the vapor separators
and to control the pressure of the system at the desired levels.

System USIng Linde expansion tank. - Tho cooling syOtem using
the Llnde expinsion tank (system B) is tho mime as system A except
that no main ,andshunt-line air-vapor separators wure installed and
the expansion tank je different. Figure 5 is a schematic diagram
of system B. The expansion tank (figs. 6 and 7) consisted esssn-
tlally of an outur or ~in tank inside of which was located a cen-
trifugal air-vapor separator. This alr-vcpor separator recolvod
the flow from the blook shunt lines and discwged it directly to
the pump inlet. Tho outer expansion tank was .tlsooonnected to the
pump inlet by a static line. Because tho flow from the block shunt
lines did not enter tho outer tti (except for t.hsnsgllgiblo flow
ficusthe separator vent), there was practically no flow in this
Static line. The air-vapor separator, which was at a higher pres-
suro than the outer static tank, w.nsprovided with a restricted
vent In order to obviate oxcesslve flows Into the outer tank and
through the static line. Heat suP;)li~dby the hot coolant in the
air-vapor separator maintained the temp.mature of the liquid in the
outer tank at approximately the samo temperature as the outlet ooo1-
ant, thus assuring maximum coolant-vapor~lressurein the tank.

In order to permit the installation of the expansion tank in
the engine used in the~e tests it was necessary to fabricate a tank
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at the Cleveland laboratory that was 2 inohea ahcnrterthan the Bell
prductlon model of the Lindu design. The same style pressure-relief
valve was used as on the expansion tank of system A and a soreen... .
*K instdled, aA shbwriin ‘ffgure6, to prevent dirt fra passing
Into the valve and depositing on the neoprene seal.

Tests were conducted with two different sets of flow-restriction
orlfloos ~n the block shunt lines. The first set w 1/8 Inoh In
diameter and the second set was 3/16 Inoh in diameter. A mmpressed-
alr line emd a blow-off oock were conneated to the expansion tank at
the looation shown In figure 6.

The Instrumentationwas the same as for the tests of system A
exoept for measurement of the ooolant condition at the pump inlet
nnd tho flow rate through the shunt Mnes. M3rcury manometers were
connected to the pump suction lines from both banks and an udditlonal
thermocouple was so ll~talled in the left brinksucti~ line that the
coolaat temperature and pressuro could be determined In both of the
pmlp-suetion lines. Mancxuet.crswere f~ttod across each of the flow-
r=strict~on ~rlfic~s In t~lo dl’?~t iinOs tc m(?~Sur9 tk! flow rate to
th.>expazmion tmlc. The complote sh”xnt-llnemsembly was subsoquontly
cal~br~~todby a bench test.

Venturi-Calibration &tup

One of the venturi tubes used t,>measure tho coolant-flow rate
was calibrated hy u bcmch tmet over the rungo of flow rates and pres-
sure prOXjDIliieS enCOW.tWed in tho onglno tests. A sight ghas was
Ir.atallgdimmediutoly duwmtranm frm t!leventuri to permit observa-
tion ~f the flow. Bath tko flow rate and the upstream pressure on
tho venturi wero Conirolbd by valves located at the venturi entrnnce
F? downstream from the si@lt @EH. Difforontial.manometers were
fitted across both the venturi and tho sight glass; single-tube
manometers wero connectod to the entr.moe of both tho vcmturl end the
sight glass to provide :Lccmplete pressure surwy. The flow rate was
determinedly a weighing tank.

TEST PROCEDURE

Tests wrme oonduotod to determine coolant-flow rates for both
systems over a range of engine speoda at constant pump-inlet pres-
sure and over u range of em~lon-tank pressures at constant engine
speed. The following table gives a summary of the test Oondltlone
for both systems:

.

.,, —,..... . . . . .. .. ..—-—- .—. —... .—
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Systum

A

B

Engine 141glne Pump-inlet

r,

low-restriction
power speed pressure
(bhp)

orifice in shunt

(m) (~~~ In. line
In.)

Varlablo engine speed

Constmt throttle 2000 to 3000 z7.~ 1/8
(635 toy25)

725 *35 I..
I2m0’030001::! I 3%

Vari~ble expmsion-tank pressure

A 1035 *5 3000 *5

B 735 *5 3000 *5 :$NE

The coolant-outlet temperature wcs held at 250° *2° F cnd the
ccrburutor-mlxtm control w-s m?.intainodin automatic-rich position
for 211 rum.

For the tests of syateu A, the oxpanslon-tcnk ~w013sme was
Incramed by tho introduction of compressed air Intu the system at
the mzin block outlbt line; cool.sntwrs discbcrgod through a bleod-
off VRIVC in order to docroase tho prcssuru. Durir& tho tests of
system P the cwpension-ti-nkprsssuro was Incror:s{sdby adnltthg com-
pr.sswd air into the lv=adkand d~croasod by blouding-off vapor from
the tank through a blow-off valve. For the varlablc engine-speed
runs of both systr.msth~ pmp-lnlct pressure was m~lntalnud constant
by ad~usting th. uxpnnsion-t~ti%pressurw.

The pump-lnlut prossu’c te.pawore loc~ted about 1 fcot upetrem
fram thu pump mzction to cvold error from tho uneven presmr~ distri-
bution in the long-rcdlus ulbows. Tho mecsur~mmts of pvmp-inltit

“ prossuru thus obtcilned WGI’Wsubsoquontly corructod fcr this line loss
and thcruforG the date prummtud ~J(3rUlnruprcscnt the pressure lmme-
dlctcly upstre,runfrom tbe Y srction connection of the coolant pump.

RIWLTS AND DISCUSSION

Wfuct of emgir.u speed on cOOi-~t-flOw rat~. - Tho mriction of
coolant-flow r.nte with un@nu speed for ayctum A c?tE prvssure zu’ox-
lm~ty (static Tzwosuro uinus v-.Dorpressure) of 7 pounds per squnn
inch ut the pvup lnl~t and for both types of clr-vepor sepr.rctor 1~
shown In figure O(a). Similzr &,tz for system ?3 for two vclues of
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the pressure proximity at the pump inlet and with two different
sized orifices in the ehmt lines are shown In figure S(b). The
date points of both.syetems have been corrected for slight varla-

.-. - tlons’in preseure-prmlmity encountered in the tests;-

Figure 8(a) shows that the coolant-flow rate of system A varies
directly with en@ne speed up to nearly 3000 r-pm, indicating that
the pump operates almost free of cavitation at a pressure proximity
of 7.0 pounds per square Inch. A slightly higher flow rate, parti-
cularly nt the higher engine speeds, is noted for systemk with the
air-vapor separators installed In the blcck shunt lines. “TM loss
In flow rate caused by decreasing the preesure proxlmlty from 6.0
to 5.0 pounds per square Inch. shcun in figure 8(b), Is greater at
the blgher mgins speeds than at the lomr engine speeds because the
higher velocity of the lipld through the pump results In granter
entrance pressure 10ss0s, which Incraasea the tendency to vapor f&m-
Etion. For a pressure proximity of 6.0 pounds pr square Inch (c@r-
resmondlr- to a pump-inlet pressure of 28.0 lb/sq In. absolute), the
cGolmt-flew rate varies directly with engine speed up to 2600 rpm,
indicztir~ tke p~mp to be operating free from cavitation In this
regian; wherons fcw a prcsmre proxlmlty of 5.0 ncunds per square
inrh (ccrrespondlng to n pmnp-inlet pressure of 27.O lb/sq In. abso-
lute), ~ sl~ght amount of cwltntion is noted at all engine speeds
cibove2000 rpm. The chmge from l/8-ln(”hto 3i16-inch orifices In
the shunt lir.esof system B hns no ~ppnrer.teffect on the coolant-
flow rri:eo

Eff”ct of expfir.sicn-tr.nkpressure on ccolarit-flowrate. The.—
v?ri~tior~of coolm~low rfitowLth exp~msion-t~nk pressi.reis shcwn
in f~f31re~9(c) nnd 9(b) for systems A cnd B, respectively. The data
fcr both types of vcpcr se~,zrntorused in system A fall on one curve,
~ndicatlng no slgnlf’icantdifference In system operetlon between the
two types of vcpor separator. A mmlmm cool.at-flow rate of ~bout
2-(5gullcns per minute was obtnined for both systems .atan expanslon-
tnnk pressure of about 32 pounds per sq~ma inch absolute. The
CCGknt-f19w rate falls cff more rapidly with a decrease in expaneial-
trfl~ presg~re f’or syst~m ~, however, than for system B. The temper-
ature of the liquid In the exp~nsion tank was generally about 1° F
lower than the block-outlet tamparature. Thus, for a coolant-outlet
temperat’~raof 250° F the vapor pressure in the expansion tank is
abcut 26 pounds per squa~ Inch absolute, resulting in a coolant-
f].owrate of nbmzt 200 gallons ~r minlltefor system A nnd of about
255 gsllor.sper minute for system B. At this point the curva for sys-
tem A Is ‘d.mostvertical, which indicates that a further slight_-
tlon In expanaion-tnnk pressure due to lades in the tank or in other
parts of the aystom “m-d-dprobably cause n breakdown of coolant flow.
For system B, however, the flow-rate curve is sufficiently flat in
this region to indicate stcble and safe operation.
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ReletIon between pump-Inlet + ssure - expansion-tank pres-
Sul%. - Figure 10 shows the relation betmen pump-inlet pressure
=xpansion-tank pressure for eystems A and B. Because the expm-
sion tank and the pump inlet are connected by R return line, or static
lina, as sbuwn In figures 2, 3, and 5, the pump-inlet pressure is
equal to the erpnnsion-tmnk pressure plus the Ufferentlal-elevation
ho.alminus tho line prcesure drop. For any fixt’doxpcnslon-tank pres-
sure the -pump-inletpresmro is sgen to b~ ntout 6,0 pounds per squnre
inch highur in system B than in syGtem A, which results in a pump-
inlet pressure of about 27.5 pcvndG p:r ~qum.re inch cbsolute in sys-
tem B as compcred with a 21.5 pounds per ~qucrtiinch nbsclute pump-
inht p?mseure in syshm A when n~l~li (apprcxlmntcly 26 lb/sq in.
absol’ute)coolant vap~r presauzz exists in the wgcnsion t.nnk. l’his
differcnco i~ dM to the fwt tkct the.jshunt.liu~ flew in Syetcm A
goes through tho return lino conmcting the expansion tank to the
pump Irict with attendcnt lins Trossuro 10SGFS, wheruas in eystem B
tho pump inlet is connect~d to the e~cnsion t?mk by the et~tic line
in which there is very llttl~ flow. Thg prussure losGee in thorsturn
line frcm the air-vapor aup”ratfirof sy~tem B dces not dccreaso the
pump-inlut pressuro lxcnuse th.~pre~Qure wlthir.the aepcrator is cor-
respondingly higher tlum the expwlon-tnnk pzwaisuro.The dWeronticl -
Clovction hGed between the pump and tho expansion t~nk is the c~use of
tho pump-inlet pressure in system E btlng about 1.5 pounds per equarc
inch higher then the cxp-insion-tcnkpressure.

Vcri&tion of ccolant-flow rate with pump-~nlet preGsure. - Fig-
uree n(a) cnd n(b) shcIwtk..verlrticn of coolmt-flew rnto with
pump-inlet pressure for systems A rmd B, rsspsctively. A corres--.’
pending vcriatlon of flow rr?to is cb+cined when it Is plotted cgainat
tho presmnv proximity dt the pump inlet, thereby giving the cavita-
tion ch~~ccterlstics nf tho pump. (Sea fig. 12.) Tho cavitation
curves obt~ined for both aystoms arc eimilar mnd show that full liq-
uid flow is not obtained until a pressure proximity cf &bout 8 pounds
per squnre inch is reached. Aa noted on tho curvea when coclantvnpor
prossuzw oxlsta in the expcmsion tenk, the pressure proximity ot the
pump inlet is about 5 pol.mdsper squcru inch higher for system B thsn
for syst~m A. (The difference in the pressure proximity between the
tWo systems Is riotso groat as the dlfferonco in thG pump-inbt pres-
sul?Eowir~ to the low.jrengin(jpower for the tcstaiof ~yatom B.) This
difference in pressure proximity, fur the snme expansion-tank prss-
SW3, roaults in a gr~~.terdograc of pmp cevltntlon end ~ correspond-
ln@y lower flow rcto for system A than for system B. :1swne noted in
figure 9.

The system resi~tmce did not remain comtant during these tests
but increased about 25 ~rcent m the pressure in the ayatem was
reduced. This increase wvs duo to m effect introduced by the venturi
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In the pmp motion llne and probably oaueed the flow mte to start
to fall off at a higher pressure than would the curves of flow ~te
for a oonstant systam resisteuloe. The oause of this variation In

.. . systam resistance ad Its.effmt..on the,pe~ozmance of the syetau
wUJ be disouesed h greater detail later in this report.

Flow rate thrcnqqhthe Shunt Miss ● - The effeot of engine speed
on the flow rate throuuh the shunt llnes of system B 16 shown in
figure 13(a). A relat~vely emll flov rate, whldh Inoreases with
engine speed, Is noted for both sl.zea of flow-restrlotlon orifloes.

Figure 13(b) shows the effeot of pump-inlet &wwmre on the
flow rate through the shunt lines. The pressure drop acrosa the
shunt-llne system is the difference between the blook-outlet pres-
sure and the pump-Inlet pressure; the small effeot of pump-inlet
preesure on the flow rate is oaueed by an ~orease In the punp-inlet
pressure accompanied by an almoet equal ticrease h the block-outlet
pressure.

Effeot of coolant-flowrate on pressure drop. - The pressure
drops both through the entire system (prunpoutlet to pw.upInlet) d
fran the block outlet *O the pump hlet are shown as a function of
the total coolant-flow rate in figure 14(a) for system A and In f@-
ure 14(b) for system B. For the variable-speed runs, the pressure
drop increases ulth the square of the flow rate In the normal manner
and the agreement between the two systems is very good. The pres-
sure drop for the variable-pressureruns, however,.is seen to rmln
Oonstsmt In system B over neerly the full range of flow rates tested;
for systan A, the pressure drop remains constant over a considerable
range of flow rates and gradually decreases as the low flow rates
are reaohed. Inspection of the data showed that, for each system at
the point of IntersectionJ the pump-lriletpressure for the variable-
speed curve Ie equal to that for the variable-pressure curve.

This unusual varlatIon of pressure drop with flow rate during
the variable-pressurerune may be explained by the results of the
venturi-callbration tests. During the calibration tests at low pres-
sures, large’quantities of vapor were observed In the s+ght @ass,
IndloatIng that considerable flashlng or bolllng of the coolant occur-
“red in the venturi. As the upstream pressure on tho venimri was
Inoreas*, the flaehlng was suppressed until f- full liqula flow
WaS obtained. The pressure survey throu@ the venturi ad sight glaes
for both flaehlng and nonflaehlng runs is given @ figure 15. For
Olarlty, only a few typloal rune tie presented For the flashing runs,
the upstream pressure was ad#ueted to a value that resulted in recon-
version of two-phase flow (vapor and liquld) to full llquld flow in
the d-~ portion of the si@ -s. It iS noted that for the
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flaehlng runs the pressure recovery did not take plats In the down-
stream cone of the venturi but occurrd, to a llmitea ertent (about
one-fourth of that obtained In ncnflashlng runs), in the region
where the reconwerslon to llquld flow occurred. This result is
attributed to boundary separation in the venturi cone and the atteril-
ant eddy losses. The higher over-all pressure loss for the flashing
runs Is shown in figure 16 In which the pressure drop from the ven-
turi entmnce to the aOhut~m end of the sight glass is plotted
against the flow rate. Figure 17 gives the venturi calibration for
both flashing and nonflashing rune. In spite of this wide v=lation
in flow ccfiitlone, all data points are seen to be wttMn 8 percent
of the calculated callbration curve,

This higher over-all pressure loss through the venturi and &own-
stream piping when falshing of the coolant occurred affords the expla-
nation of the unusual variation of pressure drop with flow rate noted
In figure 14. As the coolant-flow rate through the coclhg systams
was reduced by decreashg the pump-inlet pressure, vaporization occur-
red in the venturi, which ticreasea tho resistance of the system. This
increase In system resistance, together with the decreased flow rate,
resulted In a constant over-all presswe drop over a considerable _
of flow rates. At the lower flow rates encountered In the tests of
system A, the pressure drop varies with flow rate in the normal man-
ner but Is higher thn the variable-speed pressure-drop curve. It 1S
belleved that In this region the vaporization in tineventuri reached
a mexhwn and did not contribute further fncrease to the system
resistance.

Effect of venturi on performance of the cooling Systam. -
From the forego~ conelderat~ons, It should be noted that admal.
aircraft tietallatlone of the cooling systems (that is, titlloutthe
flow-measuring venturi) may be expected to perform with scmcwhat
higher flow rates at low pump-wet pressties than is shown bY the
tgst results presented horeln because the effective system resistance
will not be Increased by vaporization In the venturi. Inspection of
the data Mimtes that the ~tiUIU ticrease In Systm resistance
caused by vaporization in the venturi amounted to about 25 percent
of the normal resistance and occurred at a pump-inlet pressure of
about 24 pounds per square inch absolute (pump-inlet pressure p--
Imity of 2 lb/sq In.). A* this point the coolant-flow rate wlthoti
the venturi In the system would be cxpocted to be about 12 percent
higher than obtained In tho tests. Inasmuch as the pump-inlet pres-
sure is controlled by the shunt-line branch of the system, the pres-
sure proxlmlzy at pump inlet 1S not affected by the presenco of the
fl.ow-moasurlngventuri In the md.n coolant line. ‘System A, which
was found to be operating with-a pressure

J
roxindty of less than

1 pound per square tich at the purp-lmlet soe fig. 12(a)) when

I
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ooolsnt-vapor pressure existed in the expansion tanks would there-
fore still be operating h an unstable region even with the venturi
~rnoved. 1 ..

-.. ...,.).-...-..F..,. . . .----- .---,.... ,-.
system Opemt ing experienoe. - Both systems were fos to be

difficult to f111 after they had been completely drained. In omder
to fill the systems ocmqil.etelylIt was necessary first to fill W
much as possible, ruh the engine for a short period, and then shut
down and add more ooolant.

Although the expansion tanks were vented to the atmosphere
during filling, this difficulty was not completely ellmln@ed because-
the expansion tmk is looated at a lower level than the engine blooks.
It was therefore also neoeesary to vent the engine blocks to tQe
atmosphere. Connections for both of these vents have been provided
in % now type filler oap designed by the Bell Aircraft Corporation.
Both of these vents are olosed off when filling is completed In order
to prevent circulatory flew of coolant frmu the filler cap into the
tank during opercitionand air frcunbeing drawn Into the engine blocks
after a shutdown.

T!!eeffectiveness of the ajr-vapor separators wns tested by
noting the removal of nir and vnpor during the warm-up period and
by Introducing air Into the main coolant stream at both block out-
lets immediately upstream of the sight glasses. The main-line sep-

“ nrators of system A removed the lerge air and vapor bubbles In less
.. than 1 minute cnd completely removed small bubbles In fine suspen-

sion in about 5 minutes. The shunt-line separators required about
10 to 15 minutes to remove all the air and vapor. The internal ail?-
v.nporseparator of the expsnsion tank of system B did not give as
rnpid sep~atlon as the main-line separators used In system A but
did prwido quicker separation than the shunt-line separators.

For both systems small bubbles of air or vapor were observed
at all times in the return line from the expansion tank to the pump ‘
Inlet, whloh indicates a continual pickup of vapor frum the expan-
sion tank Into the system. The addition of the horizontal baffle
to the expansion tank of system A deoreased the amount of vapor
pickup frm the tank but did not mmpletely ellmlnate this condl-
tfon. Vapor was also present in the static line of the system B
tank, which Indicates that the liquid in the tank was fairly well
agitated and mixed with the vapor. This condition was also noted
during blow-off of exoess pressure In the tank. Although the blow-
off val.ve.wasconnected to the upper seotlon of the tank, a con-
siderable quantity of liquid was discharged at every blow-off. In
order to ameliorate this condftlon of vapor plokup, the Linda Alr
Products Compahy:have reoently added a shield over the end of the

1) — -.
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vapOr_aepuzitor vent line In such a way that the etreem issuing
frcm it will not egitate the liquid In the tank. It should be
noted that the outlet of this vent llne should be below the level
of the liquid to prevent air from being drawn into the swtem after
a shutdown.

A slight leakage, which was encountered thro@ the pressure-
relief valve at all t-s during the tests of system A, made it dif-
ficult to nwdntaln hi@ expansion tank pressures. The addition of
the screen under the pressure-relief valve of the system B tank,
which was ina+dled In an attampt to cl-t e the leakage, became
so clogged with solid material that it prevented the pressure-relief
valve from operating properly and was consequently removed.

SIJMWRY (IFRESULTS

The results of the engine tests descrfbed herein on two pres-
surized shunt-type cool- s:stems using a 30-70 glycol-water mix-
ture as coolant tndfcate that the nain difference in the performance
of ths two cooling systems Is that, for any fixt3dexpansion-tank
pressure, the pump-Inlet pressure obtained in s~stem B (using Llnde
~ion -) Is about 6 pounds per square inch higher than that
obtained in e@mm A (uslrrgmpressurlzed-t~e expansion tamk). This
Characteristic of the expansion tads need in s~-stemB Is considered
to be its principal advantage inasmuch as the higher pump-inlet pres-
sures result In a high peessure proximity at the pump inlet and attend-
ant stable operatlan of the pump at relatively low expansion-tankpres-
Suros and maxi?nlmlsystem prmsures . In currcnt practIce the highest
~ion-t~ P==me tht can be reliably malntal.nedIS tk cool~t-
vapor pressure corrospond3ng to the block-outlet temperature.

The data obtained in these tests show that, wken a coolant-vapor
pressu~o of 26 pounds per square Inch absolute (correspondl~ to a
block-outlet tgmpe~tue of 2!500 1’) existed In the expansion tank,
a coolant-flow rate of approximately 200 gallons per minute was
obtained in s~stcm A and a coolant-flow rate of about 255 gallons
per minute In system B. Although both of these flow rates are ade-
quate to cool liquld-cooled aircraft engines at present rated powers,
at this condition In system A the pump Is operating In a dangerous
and unstable region. The expansion-tnnkpressure curve for systam A
shows that a drop of 1,/2pound per square inch below tho val.uccor-
rospondlnfjto the vapor pressuro in the _sion tank WDuld result
In a large decrease in coolant-flow rate, If not in a complete brmk-
down of the flow. This condition would also be present if the flow-
measurlng venturi were not Included In the system because, as noted
previously herein, the pump-inlet pressure Is not influenced by the
pressure drop through the venturi.
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When coolant-vaporpressure existed h the expansion tank of
ayatem B, however, the pLuupwas ope~t~ In a stable region and,
although a slight emount of oavltatlon ocourred, no hazmful effeots
~ ~ot~ c---Hi@=.p~--t press-a ml@ be ob~ fa ..
the same expansion-tankpressure by the use of a pump-inlet venturi
or other boost arrangement. These devioes are conaldered neither
neoessary nor deslmble for present purposes when 30-70 glyool-water
mixtures are used, In view of the negligible Improvement In cooling
remltlng fr~ the em-allpossible Inorease h flow rate and the
attendant higher system pressure levels. M this conneotlon, it
should also be noted tha% pressures higher than those neoessexy to
give stable operation of the pump are undesirable owing to the dlf-
ficulty of tinta~ tight piping connections and engine -~acket
seah.

Alucraf t lhglne Researoh Laboratory,
National Advlaory Cawnlttee for Aeronaut Ice,

Cleveland, Ohio.
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Figure 16. - Variation of over-all pressure drop through venturi and sight
glaaa with fluld-flow rate. Fluid, 30 percent AN-E-2 ethylene glycol plus
70 percent water; fluid temperature, 219° F.
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Figure 17. - Venturi calibration curvo for fiashing ●nd nonflashing runs.
Fluid, 30 percent AN-E-2 ●thyi.na giycol piua 70 percent water; fluid
temperature, 219° F.
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